Abstract-One of the most significant advances in ion exchange resin and adsorbent technology has been the development of the macroreticular pore structure. V arious synthetic routes have been developed for preparing both ion exchangeresins and polymeric adsorbents of high surface area and pore volume. Further, the synthesis has been developed to a degree suchthat the surface area and pore parameters can be varied over a wide range. Several of these macroreticular polymers based upon the crosslinked styrene and acrylate systems are now available commercially. These polymeric adsorbents are hard, durable, insoluble spheres of high surface area and porosity. They are available in a variety of polarities. The nonpolar adsorbents are particularly effective for adsorbing nonpolar solutes from polar solvents. Conversely, the polar adsorbents are very effective for adsorbing polar solutes from polar solvents.
INTRODUCTION
One of the most significant advances in ion exchange resin and adsorbent technology has been the development of the macroreticular pore structure. V arious synthetic routes have been developed for preparing both ion exchange resins and polymeric adsorbents of high surface area and pore volume. Further, the synthesis has been developed to the degree that the surface area and pore parameters can be varied over a wide range. Several of these macroreticular polymers based upon the crosslinked styrene and acrylate systems are now available commercially. These polymeric adsorbents are hard, durable, insoluble spheres of high surface area and porosity. They are available in a variety of polarities.
In general, adsorbents are solids that possess high specific surfaces, usually weil above 5 m 2 of exposed surface area/g of solid. Adsorbents fall into two major physical classes, porous and non-porous. The porous adsorbents consist of particles that are usually !arge (greater than 50 mesh) and the high surface area is a result of pores of varying diameters that "permeate" the particle. The diameters of these pores are !arger than molecular distances. Non-porous adsorbents are usually finely divided solids (less than 10 ~-tm), and the high surface area of such materials is due to the fine state of subdivision that is achieved by various techniques such as grinding, precipitation, etc. The specific surfaces of several commercial porous and non-porous adsorbents are given in Table L The selection by the author and bis associates of the terms "macroreticular" and "microreticular" to characterise the physical pore structure of the new ion exchange resins and polymeric adsorbents requires some explanation in view of the "classical" adsorption terminology. The terms microporous and macroporous, usually used in adsorption terminology, refer to those pores less than 100-600 macroreticular cation could, of course, also be applied to the macroreticular ion exchange resins; however, the terminology would not distinguish those pores that are part of the organic gel structure of the macroreticular ion exchange resins and polymeric adsorbents.
In essence, the new macroreticular ion exchange resins have both a microreticular as weil as a macroreticular pore structure. The former refers to the distances between the chains and crosslinks of the swollen gel structure and the latter to the pores that are not part of the actual chemical structure. The macroreticular portion of structure may actually consist of micro-, macro-, and transitional-pores depending upon the pore size distribution. Confusing as this terminology may appear, the terms defined above are necessary to distinguish the various structures from one another. The use of the terms "microporous" and "macroporous" for distinguishing between the gel-type standard ion exchange resins and the "macroreticular" ion exchange resins is considerab)y more confusing and, unfortunately, has no direct relationship to the terms "micropores" and "macropores" as normally defined for adsorbents. All too often the term "macroporous" has been used for materials that cannot R. KUNIN be distinguished from ordinary gel-type materials by any of the available physical methods.
The macroreticular, polymeric adsorbents constitute a new and unique class of adsorbents because of the wide range of pore structures that one can develop within the framework of a particular chemical system. For example, for the styrene-divinylbenzene class of polymeric adsorbents having surface areas ranging from 7 to 600 m 2 /g and average pore diameters ranging from 60 to 1,000,000 Ä. Pore volumes may be varied from 10 to 90%. Further, the surface characteristics are also quite well-defined. This flexibility is also possible with other polymer systems such as those based upon the acrylates vinylpyridines, and the phenol formaldehyde condensate polymers. The classical adsorbents such as the silicas, aluminas, and the carbons do not offer this flexibility .
THE PHYSICAL AND CHEMICAL STRUCTURE OF THE MACRORETICULAR POLMERIC ADSORBENTS

Chemical structure
In contrast to the macroreticular ion exchange resins, the polymeric adsorbents are truly non-ionic and the properties are totally dependent upon their surface characteristics. Figures 1-3 describe the chemical structures of two of the more interesting polymeric adsorbent classes. One is based upon a crosslinked styrenedivinlybenzene polymer and is very hydrophobic. The other is a crosslinked polymethacrylate structure which is a considerably more hydrophylic structure. These macroreticular, polymeric adsorbents are dimensionally and chemically quite stable. They are also quite insoluble. 
Physical properties
The physical properties of the above-described macroreticular, polymeric adsorbents are described in Table 2 and Fig. 4 . In appearance, the particles are hard, white, and spherically shaped. Figures 4-6 describe their appearance under the ordinary and electron microscopes. Figure 7 describes the pore structures of these adsorbents as measured by mercury penetration. Many of the adsorptive properties of these polymeric adsorbents have been previously described. In essence, their adsorptive properties may be predicted from their theoretical solubility parameters and the solubility characteristics of the adsorbate. For example, the less soluble the solute, the more readily is the solute adsorbed.
Polymerie adsorbents for treatment of waste effiuents Further, the aromatic-based Amberlite XAD-2 resin and the Amberlite XAD-4 resin are more selective for aromatic solutes. Figure 8 and Table 3 describe the effect of the solubility of the solute. The concentration history curve illustrates the adsorption of a series of chlorinated phenols. As the degree of cholrine substitution of the phenol increases, the adsorptive capacity of the aromatic polymeric adsorbent increases. Elution of the adsorbed solutes is normally achieved with solvents. Elution or desorption of the adsorbed solutes may also be predicted by the solubility parameter of the solvent. As the solubility parameter increases, the elution effi.ciency decreases.
In general, the lower the solubility parameter of a solvent, the better it is as a regenerant. The solubility parameters of several organic solvents a:re given in Table   4 . Almost always, methanol is a good regenerant. It washes off the adsorbents easily, and is about the most available and least expensive solvent of those listed. Solubility of the sorbate in the regenerant is also important. Not only must van der Waals' attractive forces binding the sorbate to the adsorbent be overcome, but the solubility must be high enough to permit rapid dissolution after the solvent diffuses to the adsorption site.
Careful selection of the solvent often allows recycling to the process a regenerant stream laden with the adsorbed organic compound. Thus, what would have been a non-productive pollution control step is transformed into a closed loop, materials recovery process. Even when recycling the regenerant stream is not feasible, solvent and sorbate can be separated by common liquid-liquid separation techniques. These adsorptive methods make good sense today when shortages and high prices of raw materials plague the chemical industry. These polymeric adsorbents are currently being used for a host of applications in the pharmaceutical industry (recovery and purification of antibiotics and vitamins), as an analytical tool (analysis of drugs and other natural products), and for the treatment of industrial wastes. The remainder of this discussion will be devoted to the treatment of industrial wastes .
Phenolic wastes
The treatment of wastes containing phenol is a universal problern because of the widespread usage of this chemical. It poses various problems during waste treatment and, if not removed, presents serious problems to municipal water treatment plants. Many industrial wastes contain thousands of parts per million of phenol which not only present pollution problems but also constitute economic Iosses of a valuable raw material. The ideal waste treatment process would be one that would remove the phenol from the waste and would recover the phenol in a usable form. This has now been accomplished and demonstrated using the polymeric adsorbent, Amberlite XAD-4.
Phenol can be readily adsorbed by Amberlite XAD-4 from solutions containing several thousands of parts per million (ppm) of this moiety and yield effiuents containing less than 1 ppm of phenol. Table 3 capability of Amberlite XAD-4. The unusual property of Amberlite XAD-4 is the fact that various options are available for eluting and recovering the phenol in a usabie form. This property distinguishes it from the classical carbonaceous adsorbents which have been used for phenol removal but which had to be regenerated thermally, destroying the valuable phenol. The various options open for eluting and recovering phenol are summarized as follows:
A. Regeneration with dilute caustic. This system will find the greatest application in those situations where direct recycle of a dilute sodium phenolate stream is desirable, where waste caustic is available, and where raw waste phenol concentrations are below 5000 ppm. This Iimitation on phenol concentration in waste streams is a result of less efficient stoichiometric regeneration resulting in an increasingly more dilute sodium phenolate stream, until no concentration effect is observed.
In order to recover the phenol from the sodium salt, a sulfuric acid treatment is recommended. If on-site recovery is not attractive, the sodium phenolate can be sold to firms specializing in recovery of this material.
B. Regeneration with solvent and recycle of the phenol-solvent mixture. When recycle of the phenol in a water-wet solvent is acceptable or where waste solvents are available, this systemwill find the greatest application. The solvents found to be most effective in phenol regeneration from Amberlite XAD-4 are methanol and acetone. Two bed volumes of either solvent are usually effective in removing virtually all of the adsorbed phenol. 
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Since phenol loadings vary with the concentration of phenol in the inftuent waste stream, the two bed volume regeneration will result in a phenol concentration of from 1 to 10% in the solvent. Note that water entrained in the bed is unavoidably present in the phenol solvent mixture but generally can be held to less than 25%.
C. Solvent regeneration, recovery of the solvent and recycle of an aqueous phenol stream. Again two bed volumes of solvent are used to regenerate the resin. The spent methanol or acetone regenerant is fed to a distillation unit where the solvent is recovered for subsequent regenerations. A phenol rich water stream is taken off as a bottoms product. If desired, a second distillation step to recovery solvent washed from the resin bed after the regeneration will increase solvent recovery.
D. Solvent regeneration, recovery of the solvent and recycle of a concentrated phenol stream. System C is further modified by adding a distillation column to dehydrate the phenol rieb water stream to yield 99% phenol; a small 10% phenol/90% water azeotrope stream is recycled to the inftuent of the adsorption train. For a continuous distillation operation, the solvent and phenol recovery Operation could also be conducted batchwise.
E. If the phenol is to be recovered from the waste eftluent of a plant producing phenol formaldehyde resins (Bakelite), it may be eluted with 37% formaldehyde and the eluate recycled.
Some elution data are illustrated in Fig. 10 for a system in which acetone is used as the solvent from which pure phenol is recovered. The entire process is outlined in Fig.  11 . The value of phenol recovered in two years is approximately equal to the installed cost of the phenol recovery system.
Trinitrotoluene (TNT) and chlorinated pesticide wastes
Figures 12-15 describe the performance of Amberlite XAD-4 for the treatment of the waste eftluents from a munition plant and a chlorinated pesticide manufacturing plant. In both cases, the data support the excellent performance of the polymeric adsorbent, Amberlite XAD-4. In case of the pesticide waste, the polymeric adsorbent is clearly superior to the conventional carbon adsorbents. In the case of the TNT waste, the use of carbon is clearly not indicated since desorption can only be achieved thermally and such practices are clearly unsafe for a carbon saturated with an explosive such as TNT.
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Removal of noxious compounds from water
Regardless of the efficacy of industrial waste control systems, traces (parts per billion, ppb) of many noxious compounds are entering into the drinking water supplies of the water. There has been much concern that has been expressed over this problern and several studies have been initiated on the use of adsorbents to remove these noxious compounds even though there has been no concrete evidence concerning their harmful nature at these trace Ievels. The macroreticular polymeric adsorbents have shown considerable effectiveness in removing trace Ievels of such compounds from water supplies.
A recent publication by Professor J. S. Fritz and his associates of the Department of Chemistry of Iowa State University, Ames, Iowa summarizes the results of a comprehensive study on the use of Amberlite XAD-2 and Amberlite XAD-7 for identifying and removing a host of typical organic pollutants from water. U sing both Amberlite XAD-2 and Amberlite XAD-7, Prof. Fritz and bis associates have developed a method for extracting trace organic contaminants from potable water. They have demonstrated that Amberlite XAD-2 and Amberlite XAD-7 are capable of adsorbing weak organic acids and bases and neutral organic compounds quantitatively from water containing parts per billion to parts per million concentrations of the compounds listed in Table 5 .
The acidic components were desorbed with alkali and the basic components with acid. The neutral compounds were eluted with ether. 
